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Abstract 

The work combines the use of fast and non-destructive analytical techniques for rapid on-line process monitoring and evaluation 

of the drug product quality, within the Process Analytical Technology strategy recommended by regulatory authorities, applied 

to laminar extrudates designed to deliver gabapentin orally. Laminar extrusion is a promising technology to deliver drugs in 

different polymorphic forms by different release kinetics. The work focuses on accessing the homogeneity of gabapentin’s 

(GABA) distribution in laminar extrudates by Raman and Attenuated Total Reflectance Fourier Transform Infrared (ATR-

FTIR) spectroscopies as PAT tools. In the framework of the project, the evaluation of formulation and process factors 

impacting on gabapentin polymorphic form was also carried out by differential scanning calorimetry (DSC) and X-ray powder 

diffraction (XRPD). It has been observed that the addition of water during manufacturing process of extrudates was a critical 

formulation factor that might had promoted the conversion of crystalline gabapentin into its amorphous form. Raman imaging 

indicated that gabapentin was distributed homogeneously in the investigated laminar extrudates without the detection of 

agglomerates in the Raman map. The results of XRPD, DSC and ATR-FTIR analysis confirmed that gabapentin was present 

as the amorphous form of the drug in the laminar extrudates. 

 

Rezumat 

Studiul de față combină utilizarea unor tehnici analitice rapide și nedistructive privind monitorizarea rapidă online a proceselor și 

evaluarea calității produselor medicamentoase, în cadrul strategiei de tehnologie analitică a proceselor (PAT), recomandată de 

autoritățile de reglementare, aplicată extrudatelor laminare concepute pentru a administra gabapentina pe cale orală. Extrudarea 

laminară este o tehnologie promițătoare pentru a genera medicamente în diferite forme polimorfe, folosind diferite cinetici de 

eliberare. Lucrarea se concentrează pe obținerea omogenității distribuției gabapentinei (GABA) în extrudate laminare, prin 

spectrometria Raman și spectrometria FTIR cu reflexie totală atenuată (ATR-FTIR), ca instrumente PAT. A fost realizată 

evaluarea factorilor legați de formulare și de proces, cu impact asupra formei polimorfe de gabapentină, prin calorimetrie de 

scanare diferențială (DSC) și difracție cu raze X (XRPD). S-a observat că adăugarea de apă în timpul procesului de fabricație 

al extrudatelor a reprezentat un factor critic de formulare, care ar fi putut determina conversia gabapentinei cristaline în forma 

sa amorfă. Imagistica Raman a indicat faptul că gabapentina a fost distribuită omogen în extrudatele laminare investigate, 

fără detectarea aglomeratelor pe harta Raman. Rezultatele XRPD, DSC și ATR-FTIR au confirmat că gabapentina a fost 

prezentă sub formă amorfă în extrudatele laminare. 
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Introduction 

Current trends in pharmaceutical industry are focused 

on the application of fast and non-destructive techniques 

for on-line process monitoring and evaluation the drug 

product quality. By using advanced non-invasive 

analytical techniques, it is possible to closely monitor 

the pharmaceutical manufacturing process [3, 4, 15, 24, 

26]. This approach is in accordance with the Process 

and Analytical Technology (PAT) strategy which is 

currently recommended by regulatory authorities such 

as the European Medicines Agency and US Food and 

Drug Administration [9, 10, 12]. The non-invasive 

techniques allow to improve and simplify the process 

control strategy making possible the real-time release 

of medicines by the pharmaceutical industry [5, 7, 

11, 14]. Furthermore, by providing permanent quality 

control, the techniques used online can detect prematurely 

problems that might occur during the process of 

manufacturing, namely degradation of the drug substance, 

polymorphic form changes or heterogeneity on drug 

substance distribution within the dosage form fulfil 

the current challenges that the pharmaceutical industry 

is facing [4, 15]. 
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Many active pharmaceutical ingredients (API) present 

polymorphism, with the unstable forms converting 

into the one that is the most thermodynamically stable 

[13, 23, 27]. Consequently, it is crucial to monitor 

the polymorphic form of the API and confirm the 

stability or the conversion of that form throughout 

the process of manufacturing of the drug product. 

Particularly critical is the potential effect of temperature, 

moisture or pressure, often required for the transformation 

of a mixture of solid materials into a dosage form, on 

an unstable polymorphic form of the drug substance [2, 

19, 25]. Most of the active pharmaceutical ingredients, 

especially newly synthesized molecular entities present 

low water solubility and consequently their bio-

availability and therapeutic efficacy are inappropriate. 

In presence of this, there is a great need of searching 

for practical solutions for improved therapeutic responses 

by bioactive molecules. 

Laminar extrusion can be considered as a promising 

technology to accommodate drug substances in a 

polymorphic form presenting high water solubility 

than the most stable polymorph, provided that the 

polymorph remains stable throughout the process of 

manufacture. Several studies investigating the technology 

of laminar extrusion have been carried out [16-18]. 

In laminar extrudates, the number and thickness of 

layers are crucial. A thicker layer may result in a 

slower drug release and therefore a prolonged therapeutic 

effect. By selection of the appropriate type and fraction 

of polymers as well as number and thickness of layers, 

the release of active pharmaceutical ingredients can 

be tailored to maximize the therapeutic effect. By 

using the so-called co-extrusion and incorporation 

of two active substances in two different layers, it is 

possible to obtain an oral dosage form containing 

two incompatible active pharmaceutical ingredients 

with completely different physicochemical properties. 

Laminar extrusion is a good example of continuous 

manufacturing which is currently a hot topic in the 

pharmaceutical industry. Continuous manufacturing 

offers numerous advantages, such as speeding drug 

development stage, reduction the manufacturing time 

and even avoidance scale up problems because the 

same equipment is used during the lab and production 

scale [14, 20-22]. Although laminar extrusion technology 

seems to be very promising, it is still not a standard in 

pharmaceutical technology. Further studies on this 

topic are therefore recommended in order to better 

describe and understand this manufacturing process 

and the influence of process parameters on the drug 

product quality. Therefore, the use of analytical methods 

that allow real time and continuous measurements to 

evaluate raw materials, intermediates, bulk products 

and drug products without the need for sampling, 

prevent interruption of the production line and delays 

in the manufacturing time, maximizing the efficiency 

of the manufacturing process and minimizing costs 

of manufacture. 

Laminar extrusion is a suitable technique to produce 

novel dosage forms for a tailored oral delivery of drug 

substances. Extrudates can be cut into different sizes 

allowing for a convenient adjustment of the drug dose 

for specific dose needs (e.g. paediatrics or geriatrics) 

which are difficult to meet with conventional dosage 

forms such as tablets. Due to the possibility of cutting 

the manufactured laminar extrudates in order to 

adjust the drug dose to specific patient’s needs, the 

homogeneity of drug substance’s distribution in 

laminar extrudates seems to be crucial to assure a 

desired drug product quality and accurate reproducible 

dosing. 

This study aims to assess the distribution of gabapentin 

(GABA) in laminar extrudates confirming their 

homogeneity. For that purpose, the work considers the 

application of non-destructive spectroscopic techniques 

to determine the distribution of gabapentin in the 

extrudates. The usefulness and the possibility of the 

application of spectroscopic techniques, such as the 

Attenuated Total Reflectance Fourier Transform Infrared 

(ATR-FTIR) spectroscopy or Raman imaging as PAT 

tools for non-destructive evaluation of gabapentin 

content in multilayer laminar extrudates was assessed. 

In the framework of the project, the evaluation of 

formulation and process factors impact on gabapentin 

polymorphic form was also carried out. 

 

Materials and Methods 

Materials 

The multilayer laminar extrudates were prepared from 

cellulose microcrystalline (MCC, Avicel PH 101, FMC 

Corp. USA), lactose monohydrate (Granulac 200, 

Meggle, Germany) and demineralized water (60% 

w/w). Gabapentin (Supplied by Lusifar, Portugal) was 

used as a model drug substance in all formulations 

(Table I). 

Table I 

Composition of the formulations (%) 

Ingredient Content 

(%) 

Gabapentin 10 

Cellulose microcrystalline (Avicel PH 101) 45 

Lactose monohydrate (Granulac 200) 45 

Water * 60 

* Water was removed from extrudates by drying until constant 

moisture content (< 5%) 

 

Preparation of laminar extrudates 

Powders were dry blended in a planetary (Kenewood 

Chef, UK) mixer for 10 min, demineralized water was 

slowly added and mixing continued for another 10 min. 

The obtained wet masses were left at room temperature 

for 24 h prior to extrusion in a ram extruder (Figure 1) 

at different extrusion rates (10 or 20 mm/min). Each 

wet mass was placed in a chamber allowing the 

manufacture of the respective layer in the extrudate 

obtained. 
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Different number (2 or 3) and types of layers (a 

placebo layer and a layer with API embedded) were 

considered. Extrudates were dried in an air oven 

(Heraus, Germany) at the temperature of 50ºC for 

12 hours, and then stored at room temperature prior 

to characterization. Formulation and process parameters 

are provided in Table II. 

Table II 

Formulation and process parameters 

 Formulation 

LE 1 LE 2 LE 3 

Extrusuion rate (mm/min) 10 20 20 

Extension (mm) 150 150 150 

Number and type of layers 
2 layers 

of API 

2 layers 

of API 

2 outer layers of placebo 

1 middle layer of API 

 

ATR-FTIR spectral measurements 

FTIR measurements were carried out using a FTIR 

spectrometer (FTIR 8400S, Shimadzu, Japan) equipped 

with ATR accessory (PIKE MIRacle). The samples 

were placed onto the surface of the ATR crystal (Ge) 

and FTIR spectra were recorded from 600 cm−1 to 

4000 cm−1 at a resolution of 2 cm−1. Each spectrum 

was an average of 30 scans to increase the signal to 

noise ratio. For each scanning, the spectrum was 

collected by subtracting the original spectrum from 

the air background spectrum. 

In order to evaluate the homogeneity of the API 

distribution in laminar extrudates, the spectra were 

recorded in 10 different surface locations of the 

extrudates’ samples (on both surfaces of extrudates). 

Raman imaging was used as a reference method. 

Diffractometric (XRPD) characterization of gabapentin 

in extrudates 

X-ray powder diffraction (XRPD) measurements were 

also carried out to assess GABA polymorphic form in 

laminar extrudates. A powder X-ray diffractometer 

(MiniFlex Rigaku) was used to assess the crystallinity 

of gabapentin in the drug loaded extrudates. Samples 

were scanned from 2 Theta: 2 to 40 at a rate of 

1/min. 

Thermal (DSC) characterization of gabapentin in 

extrudates 

A differential scanning calorimetry (DSC Mettler 

Toledo, Switzerland) was used to perform a thermal 

analysis. Samples were placed in a 40 µL standard 

aluminium pan. The analysis was carried on under a 

nitrogen environment (30 mL/min). The samples were 

heated from 30°C to 250°C at a rate of 10°C/min. 

Raman imaging 

Confocal Raman imaging was used as a reference 

method in order to evaluate the homogeneity of 

GABA distribution in laminar extrudates. Measurements 

were carried out with a Raman spectrometer (WITec 

alpha 300) which was connected with a confocal 

microscope, equipped with TrueSurface attachment 

and EMCCD detector for ultra-fast and sensitive 

imaging. The samples were irradiated with a focused 

laser beam. The laser was emitting at the wave-

length of 785 nm. 

Design of simulation studies of the impact of the 

formulation and process factors on gabapentin 

polymorphic form 

Simulation studies were carried out to verify which 

process or formulation factor was critical on the 

conversion of crystalline gabapentin into its amorphous 

counterpart form. The impact of compression, wetting 

and drying on the drug substance was assessed. In 

order to evaluate the impact of compression, the pure 

gabapentin was subjected to pressure in a hydraulic 

press to obtain a disk. The simulation studies were 

supported by ATR-FTIR spectroscopy and XRPD 

diffractometry. 

 

Results and Discussion 

The use of simple and commonly used excipients, 

such as lactose monohydrate, microcrystalline cellulose 

and water, embedding gabapentin present in 10% 

has made possible the manufacture of extrudates 

without defects, as observed by visual inspection of 

mono, bi and triple layers extrudates. The force of 

extrusion at steady state remained constant indicating 

the adequate plasticity of the wet masses to allow a 

constant flow of the masses through the die. The 

rectangular section of the extrudates enabled sampling 

of them, in which samples of different sizes (i.e., 

weights) could be obtained and dried until a constant 

moisture content below 5%. 

ATR-FTIR spectra 

The ATR-FTIR spectra were registered for raw materials 

(controls) and laminar extrudates without major concerns 

or difficulties. The use of the ATR-FTIR technique 

was considered due to its non-invasive nature, no 

need for special sample preparation, short time needed 

to register the infrared spectrum and a small amount 

of sample needed to perform the test. Figures 1 and 2 

present the spectra for the gabapentin, lactose, and 

microcrystalline cellulose and the laminar extrudates 

(LE 1-3). 

The gabapentin spectrum exhibits sharp IR spectral 

peaks which can be used as a fingerprint for GABA 

in the extrudates (Figure 1). The spectrum exhibits 

an absorption band in the region of 3100 - 2800 cm-1 

due to the –NH3
+ stretching vibration. The IR bands 
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at the wavenumbers of 1567 cm-1 and 1547 cm-1 

could be assigned to NH3
+ deformation vibration in 

the 1500 to 1350 cm-1 wavenumbers interval the 

bands observed corresponded to the asymmetric 

carboxylate band and/or CH2 deformation band. In 

the spectrum of the laminar extrudates (LE 1), it 

was hard to identify characteristic peaks for GABA, 

whereas the absorption peaks characteristic for 

lactose could easily be observed (Figures 1 and 2). 

Figure 3 presents the spectra taken from 10 different 

locations on both sides of the extrudates, showing no 

differences between locations and intensities in the 

recorded IR spectra. The characteristic absorption 

bands of crystalline gabapentin were not observed 

in the registered spectra. 
 

 
Figure 1. 

The ATR-FTIR spectra recorded for raw materials (gabapentin, lactose monohydrate and microcrystalline 

cellulose) and for the laminar extrudate (LE 1) 
 

 
Figure 2. 

The ATR-FTIR spectra recorded for the investigated laminar extrudates (LE 1-3) 
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Figure 3. 

The ATR-FTIR spectra of the examined laminar extrudate (LE 1) – the spectra were recorded in 10 different 

locations of examined sample 

 

Raman imaging results 

Confocal Raman imaging was used as a reference 

method in order to evaluate the homogeneity of 

GABA distribution in laminar extrudates. Based on 

Raman image (Figure 4), it can be concluded that 

gabapentin is distributed homogeneously in the 

investigated laminar extrudates without the presence 

of agglomerates in the Raman map. 

Raman imaging provides information about a chemical 

composition of samples, reflecting the distribution 

of all components of the formulation in the final 

pharmaceutical dosage form. Although the technique 

is non-destructive and does not require any special 

sample preparation, mapping surfaces is time-consuming 

making it difficult to be applied in a continuous 

process monitoring, making the technique a reference 

method rather than a practical one. 
 

 
Figure 4. 

Image (map) from Raman spectroscopy of the laminar extrudate 
(pink – gabapentin; blue – lactose monohydrate; green – microcrystalline cellulose) 
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Figure 5. 

Characterization of raw materials, physical mixtures and laminar extrudates by XRPD diffractometry 

 

Results from the crystallographic (XRPD) analysis 

The diffractogram of crystalline gabapentin (Figure 5), 

with typical diffraction peaks observed at 2: 8.7°, 

15.1°, 17.0°, 20.4° and 23.7°, was different than the 

diffractogram of the extrudates sample in which 

these peaks were not observed. 

The absence of such peaks in gabapentin loaded 

laminar extrudates suggests that the drug substance 

was present in its amorphous form in all investigated 

formulations. 

Results from the calorimetric (DSC) analysis 

Similarly to the XRPD analysis, the absence of an 

endothermic peak of GABA due to the melting of 

crystalline gabapentin present in the drug loaded 

extrudates suggests that the drug substance was 

present as the amorphous form in the matrix made 

of crystalline lactose and microcrystalline cellulose 

(Figure 6). 

 

 
Figure 6. 

Characterization of raw materials and laminar extrudates by DSC calorimetry 

 

Evaluation of the impact of the formulation and 

process factors on gabapentin polymorphic form – 

simulation studies 

The impact of compression was assessed. The XRPD 

diffractograms registered for a crystalline gabapentin 

and gabapentin after compression are depicted in 

Figure 7. The impact of wetting and drying on the 

drug substance was also assessed. The ATR-FTIR 

spectra of a pure gabapentin and gabapentin after 

wetting and drying were registered and compared. 

The registered ATR-FTIR spectrum for gabapentin 

exposed to moisture and drying displays a typical 

broad amorphous halo with the absence of sharp 

absorption peaks signals characteristic for crystalline 

form (Figure 8). 

The ATR-FTIR spectrum of gabapentin presents 

intense bands at 1615, 1540, 1400, 1300 and 708 cm-1 

whereas none of them were observed for gabapentin 

exposed to water prior to drying (Figure 8). The 

ATR-FTIR spectrum of gabapentin after exposure to 

moisture did not show any spectral sign that can be 

related to crystalline gabapentin. These differences 
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in both spectra can be explained by a polymorphic 

change in GABA form. Combining the findings with 

the thermal analysis and crystallographic evaluation 

(Figures 5 and 6), it can be concluded that one of 

registered ATR-FTIR spectra presents gabapentin in 

amorphous form (Figure 8). The spectroscopic results 

depicted in Figure 8 indicate a significant difference 

in the two registered ATR-FTIR spectra, showing no 

similarity between the spectrum of pure GABA and 

the spectrum of processed gabapentin. The spectrum 

of processed gabapentin did not show characteristic 

crystalline gabapentin peaks that would suggest a 

significant change in the polymorphic form of the 

drug substance. These results support the findings 

observed in the spectra collected for extrudates samples 

(Figures 1 and 2) in which only the characteristic peaks 

of lactose were recorded. 

 

 
Figure 7. 

Comparison of pure gabapentin and gabapentin after compression by XRPD diffractometry 

 

 
Figure 8. 

Comparison of pure gabapentin and gabapentin after wetting and drying by ATR-FTIR spectroscopy 

 

Regarding the effects of manufacturing stress on 

chemical stability, in these research studies laminar 

extrudates were manufactured in the absence of organic 

solvents at room temperature and by using low extrusion 

forces, the shear forces were also low contributing to 

keep intact the properties of the original drug particles. 

The absence of toxic organic solvents in the process 

makes this technology environmentally friendly (green 

technology) with a broad potential use. 

The exposition to high temperatures can result in the 

decomposition of heat-sensitive active pharmaceutical 

ingredients. In wet mass extrusion, this problem is 

avoided as the masses are processed at ambient 

temperature. The process therefore offers a continuous 
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production method without temperature stress, which 

makes it applicable for a variety of heat-sensitive 

active substances. According to the stability studies 

described in scientific papers [1, 6, 28], gabapentin is 

resistant to chemical instability. Scientific literature 

review indicates no degradation of gabapentin after 

exposure to 65ºC for 72 hours, no degradation of 

gabapentin after exposure to 105ºC for one hour, no 

degradation of gabapentin after exposure to 50°C/75% 

RH. Gabapentin was stable and remained intact upon 

exposure to sunlight in (25 - 40°C) for 72 hours [1]. 

Due to the mild manufacturing process conditions, 

the problem of the occurrence of chemical degradation 

of gabapentin molecules during laminar extrusion 

process is avoided. 

In these studies, the manufactured laminar extrudates 

were evaluated by differential scanning calorimetry, 

ATR-FTIR spectroscopy, X-ray powder diffraction 

and Raman imaging. The ATR-FTIR spectroscopy, 

calorimetric and X-ray diffractometry results have 

shown the polymorphic transitions and formation of 

amorphous state of the drug substance during 

manufacturing process. During the simulation studies, 

it has been observed that the addition of water during 

manufacturing process of extrudates was a critical 

factor that induced the conversion of crystalline 

gabapentin into amorphous form (Figures 5 and 8). 

The registered XRPD pattern (Figure 5) for a physical 

mixture (after wetting and drying) indicates that 

gabapentin exists in the amorphous form. There were 

not observed any diffraction peaks typical for crystalline 

gabapentin. In the case of chemical decomposition 

of the active substance, there would be observed 

additional diffraction peaks at different positions 

characteristic for generated degradation products. In 

this study, no formation of gabapentin degradation 

products was observed. 

It has been indicated that the addition of water 

during extrusion manufacturing process is a critical 

formulation factor that causes transition of crystalline 

gabapentin form into the amorphous form (Figures 5 

and 8). The comparison of the XRPD diffractograms 

(Figure 5) suggests that the absence of characteristic 

peaks of gabapentin in the diffractograms recorded for 

samples of laminar extrudates as well as for samples 

of a physical mixture of gabapentin with the excipients 

(exposed to moisture and drying) confirmed the poly-

morphic transition caused by the manufacturing 

process condition. By opposition, the submission of 

gabapentin to pressure did not change the polymorphic 

form of gabapentin remaining crystalline (Figure 7), 

as the comparison of diffractograms collected before 

and after compression show, i.e., the exposition of 

GABA to compression does not cause its transition to 

amorphous form. Therefore, it can be postulated that 

the water required to transform a physical mixture 

into a wet mass appropriated for extrusion is sufficient 

to dissolve gabapentin that, up on drying, solidified in 

the amorphous form. That was not unexpected for a 

drug with a solubility in water of > 100 mg/mL [8]. 

 

Conclusions 

The study has proved the ability to manufacture mono, 

di and triple layers laminar extrudates. It was also 

observed that gabapentin was homogeneously distributed 

in the extrudates without the presence of agglomerates, 

as shown by spectroscopic techniques. 

Mostly interesting was the conversion of crystalline 

gabapentin into its amorphous counterpart, simply 

by exposing it to the water required for extrusion. 

The results from diffraction, calorimetry and spectro-

scopy when combined, confirmed that gabapentin was 

present in the laminar extrudates in its amorphous 

form. 

Although, the spectrum of gabapentin crystalline 

form indicates several characteristic bands, which 

could be used for its identification, the addition of 

water during the manufacturing process induced a 

polymorphic transition. Additional simulation studies 

supported by XRPD and ATR-FTIR analysis indicated 

which manufacturing process factor was crucial in 

transition of GABA crystalline form into an 

amorphous form. 
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